Retinoic acid (RA) supplementation suppresses ethanolenhanced hepatocyte hyperproliferation in rats; however, little is known about the mechanism(s). Here, we investigated whether RA aects the protein kinase signaling pathways in the liver tissues of rats fed with a high dose of ethanol for a prolonged period of time (6 months). Results show that there were greater levels of phosphorylated Jun N-terminal kinase (JNK) and phosphorylated c-Jun protein, but not total JNK protein, in livers of ethanol-fed rats vs those of controls. Moreover, ethanol feeding to rats increased the levels of phosphorylated mitogen-activated protein kinase kinase-4 (MKK-4) and decreased the levels of mitogenactivated kinase phosphatase-1 (MKP-1) in liver tissue. However, hepatic levels of phosphorylated-p38 protein and total-p38 protein were not altered by the ethanol treatment. In contrast, all-trans-RA supplementation at two doses in ethanol-fed rats greatly attenuated the ethanol-induced hepatic phosphorylation of MKK-4, phosphorylated-JNK and c-Jun proteins. The level of MKP-1 was increased in ethanol-fed rats supplemented with all-trans-RA. Further, ethanol-induced hepatocyte hyperproliferation, measured by immunostaining for proliferating cell nuclear antigen, were markedly decreased by all-trans-RA supplementation. Interestingly, hepatic apoptosis in the liver of ethanol-fed rats after 6 months of treatment decreased signi®cantly. This decrease of hepatic apoptosis in ethanol-fed rats was prevented by all-trans-RA supplementation in a dosedependent manner. The results from these studies indicate that restoration of RA homeostasis is critical for the regulation of JNK-dependent signaling pathway and apoptosis in the liver of ethanol-fed rats.
Introduction
Retinoic acid (RA), the most active form of vitamin A, plays an important role in controlling cell proliferation and dierentiation, and is of potential clinical interest in cancer chemoprevention and treatment (Lippman and Lotan, 2000) . The molecular mode of chemoprotective eects of RA may involve several mechanisms: ®rstly, transactivation takes place through direct binding of RA to retinoic acid responsive element (RARE) in target gene promoters, thereby transcriptionally activating a series of genes with distinct antiproliferative activity; secondly, RA suppresses the activity of transcription factor AP-1 (activator protein 1) complex, resulting in the inhibition of AP-1 gene expression; and thirdly, retinoids regulate the expression of apoptosis (Pfahl and Chytil, 1996; Kurie, 1999) .
Prolonged and excessive ethanol intake interferes with retinoid metabolism, especially hepatic RA homeostasis (Wang et al., 1998; Wang, 2001) . We have reported that one mechanism for this ethanol-reduced RA concentration is by enhanced catabolism of RA via induction of cytochrome P4502E1 . Chronic ethanol intake also increases the proliferation of hepatocytes (Baroni et al., 1994; Halsted et al., 1996; Gouillon et al., 1999) , which may contribute to the development of alcohol-associated diseases, such as hepatocellular carcinogenesis as well as esophagus, breast, and colorectal cancers . We have shown that restoration of hepatic RA concentration by all-trans-RA supplementation in ethanol-fed rats for 1 month, suppresses ethanol-enhanced hepatocyte hyperproliferation (Chung et al., 2001) . However, the molecular mechanism(s) for this modulation of RA remains unknown.
Although the exact mechanism as to how ethanol generates a signal transduction cascade to induce hepatocellular proliferation has not been well de®ned, evidence has accumulated to support a role for ethanol (or its metabolite acetaldehyde) on the regulation of c-jun gene expression both in various cell lines (Kharbanda et al., 1993; Casini et al., 1994; Cebers et al., 1996; Ding et al., 1996) and in the livers of rats after ethanol feeding (Wang et al., 1998) . cJun, a product of the c-jun proto-oncogene and a component of the AP-1 complex, is known to play an important role in promoting cell proliferation. It mediates signals from peptide growth factors, cytokines, tumor promoters, and oxidative and other forms of cellular stress, leading to the activation of various target genes that are essential in cell cycle progression (Karin, 1995) . c-Jun especially regulates the transcription of the cyclin D1 gene, which is required for progression through the G1 phase of the cell cycle to S phase (Wisdom et al., 1999) . Previously, we demonstrated in vivo that ethanol induces overexpression of hepatic c-Jun, as well as cyclin D1 (Chung et al., 2001) . Recently, it has been reported that the components of AP-1 are very important in modulating carcinogenesis, and the transactivation of AP-1-dependent genes, such as cyclin D1, is required for tumorigenesis and tumor progression, including hepatocellular carcinoma (Young et al., 1999; Uto et al., 2001) .
Both the activity and abundance of c-Jun are primarily regulated by Jun N-terminal kinases (JNKs, also called stress-activated protein kinases, SAPKs), a subgroup of the mitogen-activated protein (MAP) kinase family. JNKs bind to the c-Jun NH 2 -terminal transactivation domain and phosphorylate it on Ser 63 and 73, resulting in increased AP-1 transcriptional activity (Derijard et al., 1994) . The JNKs are in turn activated by phosphorylation on threonyl and tyrosyl residues by an upstream dual speci®city kinase, termed MAP kinase kinase 4 (MKK-4). Conversely, phosphorylated JNKs are inactivated by dual speci®city MAP kinase phosphatases (MKPs), such as MKP-1. Since the promoter region of c-jun contains an AP-1 response element (Angel et al., 1988) , the activation of c-Jun by JNKs positively autoregulates and stimulates its own transcription. Further, the phosphorylation of c-Jun by JNK enhances the stability of c-Jun protein (Fuchs et al., 1996; Musti et al., 1997) . Thus, the stimulation of JNK activity enhances the abundance as well as the AP-1 transactivation activity of c-Jun. Recently, it has been demonstrated that JNK is required for tumorigenesis using a multistep carcinogenesis model in mice lacking the JNK2 gene (Chen et al., 2001) .
Apoptosis is a biochemical and morphological event leading to a cell death, which plays an indispensable role in adult tissue homeostasis. When it becomes deregulated, apoptosis can be a signi®cant factor in the etiology of diseases, such as cancer. Several cell cycle regulators have been shown to be involved in responses that lead to apoptosis. c-Jun has also been implicated in the control of cell death, although c-Jun may process both pro-apoptotic and anti-apoptotic eects in dierent cell types (Shaulian and Karin, 2001 ). For example, Wisdom et al. (1999) reported that c-Jun could protect cells from both UV-induced and tumor necrosis factor alpha-induced apoptosis, possessing an`anti-apoptosis' eect. We recently reported that the ethanol-enhanced c-Jun overexpression in liver tissue was inhibited by all-trans-RA supplementation (Chung et al., 2001) . However, it is unknown whether RA treatment aects hepatic apoptosis in the ethanol-fed rats.
In the present study, we show that ethanol treatment in rats for 6 months increased the phosphorylation of MKK4, JNK, and c-Jun proteins in liver tissue. These changes were suppressed by restoring hepatic RA concentrations through all-trans-RA supplementation in ethanol-fed rats. We also demonstrate that the prolonged ethanol treatment decreased hepatic apoptosis. This decrease was prevented by RA supplementation. These results suggest that the maintenance of hepatic RA homeostasis is critical for the regulation of JNK-dependent signaling pathway and apoptosis in the liver of ethanol-fed rats.
Results
Effects of ethanol and all-trans-RA on the phosphorylation of JNK in rat liver
The phosphorylation of JNK in liver tissue was examined by Western blot analysis using a monoclonal antibody speci®c for JNK that is dually phosphorylated on Thr-183 and Tyr-185 (Figure 1 ). Chronic ethanol feeding greatly increased hepatic levels of phosphorylated-JNK protein by more than fourfold compared to controls. When all-trans-RA was added to the ethanol diet, the ethanol-induced phosphorylation of JNK was inhibited in a dose-dependent manner (50% by 50 mg all-trans-RA per kg body weight and 80% by 100 mg all-trans-RA per kg body weight, respectively) ( Figure 1) . No dierence was found in the amount of total JNK protein among the four groups (Figure 1 ). Figure 1 Eect of RA supplementation on hepatic phosphorylated-JNK protein levels in ethanol-fed rats. Western blotting analyses were followed by densitometric analysis. The densitometric units were normalized using control values in the respective pair-fed group. Means+s.e.m. (n=6, each group). Inset: Representative Western blots for phosphorylated-JNK (upper) and total JNK (lower), respectively. C: Control; E: Ethanol-fed; E+RA (50): Ethanol-fed+RA supplementation (50 mg/kg body wt); E+RA (100): Ethanol-fed+RA supplementation (100 mg/kg body wt)
Effects of ethanol and all-trans-RA on the phosphorylation of p38 in rat liver
The phosphorylation of p38 MAP kinase in liver tissue was examined by Western blot analysis (Figure 2 ). Neither ethanol treatment nor all-trans-RA supplementation changed the phosphorylation of p38. The amounts of total p38 protein were unaected by these treatments and no dierence was found among the four groups (Figure 2 ).
Effects of ethanol and all-trans-RA on the phosphorylation of MKK-4 and the expression of MKP-1 in rat liver
To further investigate the mechanism of JNK activation/deactivation by ethanol and RA, we ®rst analysed the level of phosphorylated MKK-4, a major upstream kinase for JNK. Livers from ethanol-treated rats had signi®cantly greater (3.5-fold induction) phosphorylated MKK-4 levels, as compared with controls ( Figure 3 ). All-trans-RA supplementation with two dierent doses (50 and 100 mg/kg body weight) in ethanol-fed rats signi®cantly suppressed ethanol-induced phosphorylation of MKK-4 (72 and 84% inhibition, respectively), as compared with the ethanol-fed group.
We then examined the level of MKP-1 protein, which dephosphorylates and thus inactivates JNK.
Results from Western blot analysis followed by densitometric analysis for MKP-1 showed that ethanol feeding reduced the level of MKP-1 protein (76% reduction), as compared with control animals ( Figure  4 ). In contrast, all-trans-RA supplementation in ethanol-fed rats signi®cantly increased the amount of MKP-1 protein in liver tissues. The changes in MKP-1 protein level were dose-dependent (7.2-and 10.1-fold increase with the all-trans-RA doses of 50 and 100 mg/ kg body weight, respectively, as compared with the ethanol-fed rats) ( Figure 4 ).
Effects of ethanol and all-trans-RA on the levels of total c-Jun and phosphorylated c-Jun protein
Levels of phosphorylated c-Jun protein as well as total c-Jun protein were examined by using Western blot analysis of nuclear protein extracts from liver tissues in each group. Both total and phosphorylated c-Jun protein levels were much greater in rats fed the ethanol diet that in rats fed the control diet ( Figure 5) . However, the level of phosphorylated c-Jun protein in liver tissues from rats that were supplemented with RA was similar to that of liver tissues from rats that were fed the control diet ( Figure 5 ). Further, RA supple- Figure 2 Eect of RA supplementation on hepatic phosphorylated-p38 protein levels in ethanol-fed rats. Representative Western blots for phosphorylated-p38 (upper) and total p38 (lower), respectively. C: Control; E: Ethanol-fed; E+RA (50): Ethanol-fed+RA supplementation (50 mg/kg body wt); E+RA (100): Ethanol-fed+RA supplementation (100 mg/kg body wt) Figure 3 Eect of RA supplementation on hepatic phosphorylated-MKK-4 protein levels in ethanol-fed rats. Western blotting analyses were followed by densitometric analysis. The densitometric units were normalized using control values in the respective pair-fed group. Means+s.e.m. (n=6, each group). Inset: Representative Western blot for phosphorylated-MKK4 (upper) and total MKK4 (lower), respectively. C: Control; E: Ethanol-fed; E+RA (50): Ethanol-fed+RA supplementation (50 mg/kg body wt); E+RA (100): Ethanol-fed+RA supplementation (100 mg/kg body wt) Figure 4 Eect of RA supplementation on hepatic MKP-1 protein levels in ethanol-fed rats. Western blotting analysis was followed by densitometric analysis. The densitometric units were normalized using control values in the respective pair-fed group. Means+s.e.m. (n=6, each group). Inset: Representative Western blot. C: Control; E: Ethanol-fed; E+RA (50): Ethanol-fed+RA supplementation (50 mg/kg body wt); E+RA (100): Ethanolfed+RA supplementation (100 mg/kg body wt) mentation completely inhibited the overexpression of cJun in liver tissue caused by chronic ethanol exposure ( Figure 5 ).
Effects of ethanol and all-trans-RA on hepatocyte proliferation
The eect of ethanol feeding and RA supplementation for 6 months on cell proliferation was assessed by immunohistochemical staining for proliferating cellular nuclear antigen (PCNA) on paran-embedded liver sections. Ethanol feeding in rats for 6 months greatly increased the number of PCNAlabeled hepatocytes (Figure 6b ), compared with the controls (Figure 6a ). However, liver tissue sections from ethanol-fed rats with all-trans-RA showed much less labeling, as compared to rats that were fed the ethanol alone diet (Figure 6c ). Figure 7 shows that the mean number of PCNA-positive cells was signi®cantly increased by 47-fold in livers from ethanol-fed rats after 6-months of treatment (P50.05). In contrast, liver sections from ethanolfed rats given RA supplementation had a signi®cantly lower number of PCNA-labeled hepatocytes than those given only ethanol in their diet. Although the average number of PCNA-positive hepatocytes in ethanol-fed rats with RA supplementation was slightly higher than that in control rats, the dierences were not signi®cant (P40.05).
Effects of ethanol and all-trans-RA on hepatocyte apoptosis
We investigated whether hepatocellular apoptosis can be regulated by either ethanol feeding or all-trans-RA supplementation. The results showed that ethanol feeding in rats for a 6-month period signi®cantly decreased apoptosis (40%), as assessed by both the caspase 3 assay (Figure 8 ) and the TUNEL method (Figure 9 ), relative to controls. However, all-trans-RA supplementation at two doses in ethanol-fed rats increased the hepatic apoptosis in dose-dependent manner. The changes in apoptosis compared with the ethanol-fed rats, were dose-dependent (about 1.5-and threefold increase with the all-trans-RA doses of 50 and 100 mg/kg body weight, respectively). 
Discussion
JNK is activated by a variety of cellular signal molecules and stresses. It has been shown that acute ethanol treatment in primary hepatocytes for 16 h increased basal JNK activity (Chen et al., 1998) . The current study was carried out to examine eect of prolonged/excessive ethanol intake on the MKK-4/ JNK/c-Jun signal cascade in liver tissue of an in vivo rat model, which is of greater biologic relevance to alcohol-related liver disease, than in vitro cell models. In ethanol-fed rats, the level of phosphorylated JNK protein was signi®cantly increased by more than fourfold compared to that in control rats ( Figure  1 ). Similarly, the protein level of phosphorylated MKK-4, an essential component of the JNK signal transduction pathway (Yang et al., 1997) , was 3.5-fold higher in hepatic tissues of ethanol-fed rats than in those of control rats (Figure 3) , which indicates that ethanol treatment increases JNK phosphorylation by stimulating MKK-4 activity. Whether ethanol also aects the activity of MKK-7, another upstream JNK kinase, is unclear. Since MKK4 and MKK7 produce a synergistic increase in the activity of JNK (Finch et al., 2001) , and since the extent of JNK activation was only slightly higher than that of MKK-4 activation (4.5-and 3.5-fold increase, respectively) in our study, these results indicate that relatively minor, if any, activity of MKK-7 was Figure 7 Eect of RA supplementation on hepatocyte proliferation in ethanol-fed rats. Hepatocytes in S phase were determined by immunohistochemistry of PCNA on formalin-®xed paranembedded liver tissue. A total of 40 ®elds (about 10 000 hepatocytes) were screened per sample, and examined under light microscopy. Means+s.e.m. (n=3 ± 6). Treatments not sharing the same superscript are signi®cantly dierent from each other (P50.05) Figure 8 Eect of RA supplementation on cleaved Caspase 3 protein levels in ethanol-fed rat liver tissues. Western blotting analyses was followed by densitometric analysis. The densitometric units were normalized using control values in the respective pair-fed group. Means+s.e.m. (n=6, each group). Inset: Representative Western blots for cleaved Caspase 3 (upper) and RARa (lower). C: Control; E: Ethanol-fed; E+RA (50): Ethanolfed+RA supplementation (50 mg/kg body wt); E+RA (100): Ethanol-fed+RA supplementation (100 mg/kg body wt) Figure 9 Eect of RA supplementation on apoptosis in ethanolfed rat liver tissues. Means+s.e.m. (n=6, each group). TUNEL assay was performed on paran-embedded liver sections following the procedures as described in Materials and methods. Upper panel: Representative liver section from ethanol-fed rats. Arrows point apoptotic bodies. C: Control; E: Ethanol-fed; E+RA (50): Ethanol-fed+RA supplementation (50 mg/kg body wt); E+RA (100): Ethanol-fed+RA supplementation (100 mg/kg body wt) involved in the phosphorylation of JNK in the ethanol-fed rats.
It is likely that ethanol aects up-stream events of MKK-4 via several dierent mechanisms. For instance, acetaldehyde, the ®rst metabolite of ethanol, can form adducts with cell membrane components, initiating a transmembrane signaling cascade (Casini et al., 1991) . Further, ethanol could regulate signaling transduction components such as protein kinase C (PKC) by modulating intracellular reduction-oxidation (redox) status (Pandey, 1996) . Ethanol has also been shown to modulate many other signaling pathways, including those linked through phospholipase C (Hilberg et al., 1993) , adenylate cyclase (Hoek et al., 1992) , and tyrosine kinase-linked receptors (Miyakawa et al., 1997; Resnico et al., 1993; Thurston and Schukla, 1992) in hepatocytes as well as many other cell types.
MAP kinase signaling pathways ± i.e. ERK (extracellular signal regulated kinase), JNK and p38 MAP kinase ± are known to play important roles in regulating cell proliferation, apoptosis and tumorigenesis. The transducers of stress signals (such as proin¯ammatory cytokines, UV radiation, H 2 O 2 , etc.) are mainly dependent on JNK and p38 MAP kinase. JNK activation has a more important role in stimulating hepatocyte proliferation than does activation of the ERK cascade in transformed and established ®broblast cell lines (Boylan and Gruppuso, 1996; . For example, Boylan and Gruppuso (1996) showed in vivo that JNKs were activated in proliferating fetal hepatocytes, while ERKs were relatively inactive. Also, in hepatocytes isolated from rats 24 h after two-thirds partial hepatectomy, cell proliferation was markedly increased although the activity of ERK was reduced (Spector et al., 1997). Further, it has been reported by Chen et al. (1998) that treatment of rat hepatocytes with ethanol in vitro selectively increased JNK activity, but did not aect p38 MAPK or ERK activity. In our in vivo study, no signi®cant changes in levels of phosphorylated-p38 protein were found in the dierent treatment groups (Figure 2 ), indicating that chronic ethanol feeding to rats speci®cally induces JNK activity.
Since MKPs, a family of dual-speci®city protein phosphatases, can dephosphorylate both phosphothreonine and phospho-tyrosine residues and inactivate JNK, we examined the level of MKP-1. Interestingly, ethanol feeding signi®cantly reduced hepatic levels of MKP-1 protein (4.2-fold reduction), compared with livers from control rats (Figure 4) . Therefore, it seems that both up-regulation of MKK-4 and down-regulation of MKP-1 by ethanol leads to increased phosphorylation of JNK. This ethanol-enhanced activation of the JNK-dependent signaling cascades was further demonstrated by increased levels of phosphorylated c-Jun as well as total c-Jun in hepatic nuclear extracts from ethanol-fed rats as compared to controls ( Figure 5 ). These data provide a mechanistic understanding for our recent observation that the overexpression of c-Jun by chronic and excessive ethanol intake increased the level of cyclin D1 to drive hepatocytes into a premature S phase in ethanol-fed rats after 1 month of treatment (Chung et al., 2001) . Moreover, in the present study, the mean number of PCNA-positive cells was signi®cantly increased by 47-fold in livers of ethanol-fed rats after 6 months of treatment ( Figure 5 ), which is consistent with our previous observation that chronic and excessive ethanol intake for one month resulted in 17-fold increase in PCNA-positive hepatocytes, in time-dependent manner.
There have been reports that ethanol inhibits the regeneration of hepatocytes after partial hepatectomy (Wands et al., 1979; Diehl et al., 1988) . The model used in these studies involved a major surgery (removal of two-thirds of liver), which probably alters the remaining liver metabolism. Also, proliferative changes were assessed over a very short period (days). On the other hand, our study (Chung et al., 2001) , as well as previously published reports by others (Baroni et al., 1994; Halsted et al., 1996; Gouillon et al., 1999) , have consistently shown that hepatocytes become hyperproliferative after long-term (months) ethanol treatment without surgery. We have observed a time-dependent increase in hepatocyte proliferation after 1 and 6 months of ethanol treatment. Prolonged ethanol consumption may create a potentially favorable environment for hepatic cells to develop malignant transformation, as seen in rats that were fed with ethanol for 8 months where chemically induced hepatic carcinogenesis was promoted (Takada et al., 1986) .
The most important observation of the present study is that all-trans-RA inhibited ethanol-induced phosphorylation of JNK activity through its regulatory eects on both MKK-4 and MKP-1, indicating that à cross-talk' of RA with the MAP kinase pathway plays a role in the regulation of ethanol-induced cell proliferation. Previously we showed that all-trans-RA supplementation in ethanol-fed rats restored ethanolreduced RA concentrations to normal levels, and inhibited ethanol-enhanced hepatocyte hyperproliferation by suppressing c-Jun overexpression (Chung et al., 2001) . In the present study, we provide evidence that concurrent supplementation of RA to ethanol-fed rats attenuates ethanol-induced c-Jun expression by suppressing JNK phosphorylation in a dose-dependent manner (Figure 1 ). The amounts of total JNK protein were similar in all treatment groups, indicating that ethanol and RA aect JNK activity by modulating the phosphorylation of JNK rather than by aecting the level of JNK protein itself (Figure 1) .
In the present study, all-trans-RA supplementation in ethanol-fed rats increased the amount of MKP-1 protein in a dose-dependent manner, which was inversely correlated with the level of phosphorylated JNK (Figure 4) . It is interesting that, in our study, rats fed with an ethanol diet alone had even lower hepatic MKP-1 levels, as compared with those of controls. Our previous studies had shown that chronic ethanol treatment to rats for 1 month signi®cantly reduced hepatic RA levels (Wang et al., 1998; Chung et al., 2001) . It is possible that the low levels of RA induced by ethanol treatment causes a reduction of hepatic MKP-1 level in ethanol-fed rats, while all-trans-RA supplementation in ethanol-fed rats induces hepatic MKP-1. It has been reported that, in normal human bronchial epithelial cells, all-trans-RA blocked seruminduced JNK activation by up-regulating MKP-1 activity (Lee et al., 1999) .
In our study, all-trans-RA supplementation in ethanol-fed rats decreased ethanol-induced phosphorylation of MKK-4 (Figure 3) . Although how RA regulates up-stream signaling of MKK-4 is unclear, it seems that multiple mechanisms of RA actions are involved in the process. For example, ethanol increases PKC activity, which aects the JNK-dependent signaling cascade , whereas RA decreases the activity of PKC (Radominska-Pandya et al., 2000) . Further studies are needed to determine regulation of up-stream signaling of MKK-4 by alltrans-RA treatment in the ethanol-fed rats.
We observed that all-trans-RA supplementation did not totally abolish ethanol-induced phosphorylation of JNK (*80% inhibition, Figure 1) . However, the same doses of all-trans-RA supplementation almost completely blocked c-Jun overexpression in ethanol-fed rats (Figure 3) . It is possible that suppression of c-Jun overexpression by RA involves other mechanisms, such as, RA acting as a negative regulator of AP-1 responsive genes due to a competition for a limited pool of CBP (cAMP response element binding protein (CREB)-binding protein, a co-activator for both nuclear retinoid receptors and AP-1 transcription factor) (Kamei et al., 1996) . Alternatively, Fisher et al. (1999) suggested a novel mechanism by which alltrans-RA blocks UV-activation of AP-1 by inhibiting c-Jun induction at post-translational level.
Hepatic apoptosis was decreased in the rats after 6 months of treatment with ethanol, which is in agreement with the report that long term (14 weeks) ethanol feeding decreased apoptosis in the rat pancreas (Fortunato and Gates, 2000) . On the contrary, we as well as others have observed that ethanol feeding to rats for a short period (4 weeks) increased hepatic apoptosis (Chavez et al., unpublished data; Baroni et al., 1994) . This dierence in apoptosis response due to the length of ethanol exposure, is in need of further investigation regarding the molecular regulatory mechanism(s). Interestingly, the ethanol-induced downregulation of apoptosis was prevented by RA supplementation (Figures 8 and 9 ). These data indicate that, under certain conditions, such as prolonged ethanolexposure or ethanol-induced RA de®ciency, apoptosis may become deregulated, thereby, leaving a proliferative response to promote genomic instability and transformation. Further, the restoration of RA homeostasis by RA supplementation can prevent alcoholinduced hepatic damage by triggering cell death by apoptosis. The exact mechanism(s) of the induction of apoptosis by RA needs more study. One possible explanation is that RA treatment could induce apoptosis via inhibiting c-Jun overexpression (or its anti-apoptotic eect) in the ethanol-fed rats.
In summary, the present study demonstrates that alltrans-RA suppresses hepatic JNK-dependent signaling pathway in ethanol-fed rats, and the restoration of RA homeostasis is important for the regulation of apoptosis and cell proliferation. The results of this in vivo investigation provide insights into the mechanism of ethanol-promoted carcinogenesis and the possibility for RA use in hepatic tumor prevention and/or treatment.
Materials and methods

Animals and diets
Sprague-Dawley rats (130 ± 150 g; Charles River Breeding Laboratory, Kingston, NY, USA) were used in the study. Brie¯y, all animals were distributed, by weight-matching, into four groups: (1) control group (C); (2) ethanol-fed group (E); (3) ethanol-fed group with dietary all-trans-RA supplementation (50 mg/kg BW) (ERA50); and (4) ethanol-fed group with dietary all-trans-RA supplementation (100 mg/kg BW) (ERA100). All ethanol-fed groups were fed the LieberDeCarli liquid diet containing 36% of total calories as ethanol, yielding a concentration of 6.2% (vol/vol). Ethanol was gradually introduced into experimental diets over a 7-day period before providing animals with the ®nal concentration. In the control diet, ethanol was replaced by an isocaloric amount of maltodextrin (Purina Test diets, Richmond, IN, USA). Both diets contained 16.4% of total calories as protein and 35% as fat; 48.6% of total calories were provided from carbohydrates in the control diet, whereas 12.6% of total calories were from carbohydrates in the ethanol diet. For dietary RA supplementation, all-trans-RA (Sigma, St. Louis, MO, USA) was dissolved in 95% ethanol and added directly into the liquid diet. Since the liquid diet provides physiological amounts of¯uid, extra water was not given. One animal from each group was matched by body weight at the beginning of the study. Rats were pair-fed for 6 months using ERA100 as the leading group. Body weights were recorded weekly. At the end of experimental period, all rats were terminally exsanguinated under AErrane 1 (Fort Dodge Animal Health, Fort Dodge, IO, USA) anesthesia. Liver tissues were collected, frozen under liquid nitrogen, and stored at 7808C for further analysis.
All animals were maintained in an American Association for the Accreditation of Laboratory Animal Care accredited facility, in an environmentally controlled atmosphere (temperature, 238C, 45% relative humidity) with 15 air changes of 100% fresh ®ltered air per hour and a 12/12 h light/dark cycle. All animals were observed daily for clinical signs of illness. This project was approved by the Jean Mayer USDA Human Nutrition Research Center on Aging Animal Care and Use Committee.
Western blot analysis
The nuclear extracts from rat livers were prepared as described by Wang et al. (1998) . Brie¯y, liver tissues were homogenized with ice-cold buer A (10 mM Tris-HCl (pH 7.5), 10% glycerol, 10 mM KCl, 10 mM monothioglycerol, and a mixture of protease inhibitors), and nuclei were collected by centrifugation at 2000 g at 48C. Nuclear pellets were solubilized in buer B (10 mM Tris-HCl (pH 7.5), 10% glycerol, 600 mM KCl, 10 mM monothioglycerol, 1 mM dithiothreitol) and vortexed for 15 min. The extracts were centrifuged at 100 000 g, 48C for 30 min. For caspase-3 assay, whole cell homogenates of liver tissues were used. Brie¯y, liver tissues were incubated in extraction buer (25 mM HEPES, 300 mM NaCl, 1.5 MgCl 2 , 0.2 mM EDTA, 0.05% Triton X-100, and 20 mM b-glycerophosphate, and a mixture of protease inhibitors) with agitation at 4 8C for 30 min. Samples were then centrifuged at 100 000 g at 48C for 30 min, and supernatants were collected. Protein concentrations were determined using a Commassie Plus protein assay kit (Pierce, Rockford, IL, USA). Twenty micrograms of protein were added to a solution containing 50 mM Tris-HCl (pH 6.8), 200 mM 2-Mercaptoethanol, 2% SDS, 0.1% bromophenol blue and 10% glycerol, and boiled for 6 min before being run on 10% SDS ± PAGE. The protein was transferred to a polyvinylidene di¯uoride membrane by using a semi-dry transfer system. Membranes were incubated overnight with 5% non-fat milk in Trisbuered saline containing 0.05% Tween 20 (TBS-T). Membranes were incubated with primary antibody diluted in TBS-T (1 : 1000) for 1 h at room temp. The blots were washed and incubated with horseradish peroxidase-labeled secondary antibody for 30 min and then washed for 30 min. The blots were developed using the ECL Western blotting system (Amersham, Piscataway, NJ, USA), and analysed by using a densitometer (GS-710 calibrated imaging densitometer, Bio-Rad lab, CA, USA). Antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) for phosphorylated-JNK, phosphorylated-c-Jun, phosphorylatedp38, JNK, p38 and MKP-1, from Calbiochem (San Diego, CA, USA) for phosphorylated-MKK-4 and total MKK-4, and from Cell Signaling (Beverly, MA, USA) for caspase 3.
Cell proliferation
Hepatocytes in S phase were quanti®ed by immunohistochemical analysis of PCNA, as described earlier (Chung et al., 2001) . Brie¯y, liver samples were ®xed with 10% buered formalin and embedded in paran wax. Five-micrometer sections were cut using a microtome. After a standard deparanization-rehydration procedure, liver sections were incubated with 0.3% H 2 O 2 in absolute methanol for 30 min at room temperature to quench endogeneous peroxidase activity. The sections were heated using microwaves for 5 min in 10 mM sodium citrate (pH 6.0) buer to retrieve antigen. The routine biotin-streptavidin immunohistochemical method consisted of sequential incubations in horse serum blocking solution, monoclonal anti-PCNA (clone PC10, Dako Cooperation, Carpinteria, CA, USA), biotinylated horse antimouse immunoglobulin G, and streptavidin conjugated to a horseradish peroxidase label. The slides were developed with a diaminobenzidine substrate and counterstained with hematoxylin. Only hepatocytes with dark brown stained nuclei and cytoplasm were counted as S phase cells. The sections were viewed under light microscopy at X400, and two independent investigators, who were blinded as to the treatments. A total of 40 ®elds (about 250 hepatocytes in each ®eld) were screened per liver sample. Positive S phase cells were expressed per 100 hepatocytes.
Apoptosis
We examined hepatic levels of cleaved caspase-3 using Western blot analysis. TUNEL (terminal transferasemediated nick end-labeling) assay was performed on the liver sections using the Apoptag detection system (Intergen Co., Purchase, NY, USA), which labeled the free 3'-hydroxy-DNA strand breaks in situ that were localized inside apoptotic nuclei or bodies. Very brie¯y, a 3'-hydroxy-DNA strand in permeabilized hepatic tissue sections was enzymatically labeled with digoxigenin-nucleotide (through terminal deoxynucleotidyl transferase) and subsequently exposed to a peroxidase-conjugated anti-digoxigenin antibody. The stain was developed in diaminobenzidine, and sections were counterstained with methyl green. The number of apoptotic bodies was examined as described by Halsted et al. (1996) . The nuclear morphology of positive cells were carefully observed at high magni®cation (4006) to verify the staining and counted by two independent investigators, who were blinded as to the treatments.
Statistical analysis
All group values are expressed means+s.e.m. Group means were compared using ANOVA followed by Tukey's Honest Signi®cant Dierence test. The acceptable level of signi®cance (P) was 50.05.
